TABLES
. Composition range of standard Zircaloys (weight percent except where noted) .... Three types of tests are being performed: (1) corrosion, (2) liquid metal embrittlement (LME), and (3) corrosion-mechanical. These tests are designed to determine the corrosion mechanisms, thresholds for temperature and concentration of gallium that may delineate behavioral regimes, and changes in mechanical properties of Zircaloy .
Initial results have generally been favorable for the use of WG-MOX fuel. The MOX fuel cladding, Zircaloy, does react with gallium to form intermetallic compounds at 2300°C; however, this reaction is limited by the mass of gallium and is therefore not expected to be significant with a low level (in parts per million) of gallium in the MOX fuel. While continued migration of gallium into the initially formed intermetallic compound results in large stresses that can lead to distortion, this is also highly unlikely because of the low mass of gallium or gallium oxide present and expected clad temperatures below 400°C. Furthermore, no evidence for grain boundary penetration by gallium has been observed.
INTRODUCTION
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The U.S. Department of Energy has established a dual-track approach to the disposition of plutonium arising &om the dismantling of nuclear weapons. The dual-track approach involves both immobilization and reactor-based MOX fuel technologies. The MOX fuel option requires assessment of the potential impact of gallium (on the order of 10 ppm), not present in conventional MOX fuel, on cladding material performance. A previous report' identified several compatibility issues relating to the presence of gallium in MOX fuel and its possible reaction with fuel cladding.
Gallium initially present in the WG plutonium is removed, for the most part, during processing to produce MOX fuel. After blending the plutonium with uranium, about 10 ppm gallium is expected in the sintered MOX fuel. Gallium is expected to be present as gallium oxide (Ga,O,) and could be evolved as the suboxide (Ga,O). Migration of the evolved Ga,O and diffusion of gallium in the MOX matrix along thermal gradients could lead to locally high concentrations of gallium oxide. Thus, while the low concentration of gallium in MOX fuel greatly reduces the probability of significant interaction of gallium with Zircaloy fuel cladding, it does not assure that corrosion effects will necessarily be negligible. Pellet clad interaction (PCI) leading to failure of the Zircaloy cladding in light-water reactors (LWRs) has been attributed to stresses in the cladding and one or more aggressive fission products. Stress corrosion cracking by iodine3s4 and LME by have been reported. It is also known that Zircaloy can be embrittled by low melting metals (LME), (e.g., mercury).' LME is a form of environmentally induced embrittlement that can induce cracking or loss of ductility. LME requires wetting and a tensile stress but it does not require corrosion penetration. Experimentally, it has been demonstrated that gallium can cause embrittlement of some alloys (e.g., aluminum) at low temperatures.'. Experiments relative to LME of zirconium by gallium have been limited and inconclusive;'o nevertheless, the possibility of a synergism between cadmium and gallium enhancing the probability of LME of Zircaloy cannot be ignored.
Surface alloy or
This report describes an initial series of gallium-cladding compatibility tests aimed at establishing confidence that low levels of residual gallium in WG MOX fuel do not affect its long-term compatibility with Zircaloy. In addition, it is important to understand the potential cladding interactions and the available safety margins with respect to gallium concentration.
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OBJECTIVE
The overall objective of this task is to demonstrate, to the extent possible, that small concentrations of gallium in MOX fuel will not compromise the performance of the fuel system in an LWR. While possible mechanisms for gallium interaction with Zircaloy have been identified, no significant data exist that demonstrate whether such reactions actually occur under LWR conditions and whether these reactions have any significant effects on cladding performance. PCI is a recognized phenomenon that can lead to embrittlement of Zircaloy by low-melting fission products in LWRs. Even so, current pressurized-water reactors and boilingwater reactors successfully operate due to mitigation techniques such as pellet design and operational control of transients that limit stresses in the clad. In the present program, a graded experimental approach to determining whether gallium is a problem is being pursued. The experimental approach is divided into four phases. In phase I, three prototypic Zircaloy cladding materials are being exposed to liquid gallium. Three types of tests are being used: (1) corrosion, (2) LME, and (3) corrosion-mechanical. LME tests consist of constant extension rate tensile tests in gaIlium metal at low temperature (30 and 100°C) while corrosion-mechanical tests consist of first exposing the Zircaloy to gallium metal or Ga203 at a "high" temperature and then conducting a room temperature tensile test to evaluate corrosion product effects. While these phase I tests conditions (a thick film of gallium on all surfaces) are unlikely, they represent maximum gallium concentration boundary conditions. The test matrixes for these phase I tests are shown in the appendix.
In phase 11, two types of tests are being conducted with the three cladding materials in contact with Ga203: corrosion and corrosion-mechanical. In each type of test, four concentrations of Ga203 are being evaluated: loo%, I%, 0.2%, and 0.1%. Although these levels of Ga20, are all considerably above what is expected, they allow the potential types of reactions to be more easily determined, and they will represent a nonconservative evaluation of Ga20, effects in this screening test phase. The test matrixes for phase I1 tests are shown in the appendix.
Phase I11 tests will expose cladding material to centrally heated surrogate fuel pellets to be manufactured by Los Alamos National Laboratory (LANL). These sintered annular pellets, U/Ce/GdO, should contain less than 1% gallium and have a density greater than 94%. The
Texas A&M University Nuclear Science Center has designed a nonpressurized test system for 4 these centrally-heated-pellet tests and will perform these tests. To simulate the thermal gradients across operating reactor pellets and test for thermally driven gallium diffusion, a small diameter (-0.18-inch outside diameter) electric heater will be inserted into the center of the surrogate pellets. The heater will operate at a temperature of about 1000°C with a linear power of 15.7 kW/m. The experiment will be configured to produce a nominal cladding-pellet interface temperature of 400°C. Six 4-in. "rodlets" will be centrally heated and periodically one will be withdrawn for evaluation (the longest time at temperature will be 5,000 h).
Phase IV tests will be similar to phase I11 tests, but prototypic MOX fuel pellets will be used. These tests will be performed at the Oak Ridge National Laboratory (ORNL) with MOX pellets produced by LANL. 
EXPERIMENTAL
Experiments are being performed using typical Zircaloy claddings, Zircaloy-2, Zircaloy-4, and Zirlo, whose compositional ranges are presented in Table I . The Zircaloy tubing was machined into two different lengths, one for corrosion tests and the other for LME or corrosion-mechanical tests. End caps with and without threaded ends were machined from Zircaloy bar stock for tensile and corrosion tests, respectively. First, one end cap was welded to the specimen tube, the required quantity of reactant was then added, and the other end cap welded in place. Because of the reactive nature of the zirconium alloys with oxygen and nitrogen, all welding was performed in either high vacuum using the electron beam welding (EBW) process or in a high-purity, helium-purged welding chamber using the laser beam welding (LBW) process. The completed test specimens for corrosion tests were encapsulated in an evacuated quartz capsule. For mechanical testing above 100°C, a chamber to provide a protective atmosphere around the test specimens was designed and fabricated. This protective chamber precludes the reaction of zirconium alloys with the ambient oxygen and nitrogen during testing.
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In addition to some preliminary tests performed at 400 and 600"C, tube specimens containing gallium metal were corrosion tested at three temperatures (30, 100, and 500°C) for two exposure times (200 and/or 700 h); those containing gallium oxide or surrogate galliumcontaining oxide were also tested at three temperatures (300, 500, and 700 "C) for two exposure times (6 weeks and 12 weeks). Preliminary tests with gallium and Ga,O, were also conducted on zirconium and non-vendor-supplied Zircaloy tubing as noted.
Post-test analyses of cross sections of the clad tubes included metallography, fractography, and chemical microprobe. In the case of the corrosion tests, evidence of wall . thinning, grain boundary penetration, transgranular attack, and intermetallic compound formation (ICF), when present, were documented. For the mechanical tests (LME or corrosionmechanical), the tensile strength and ductility of specimens tested in the presence of gallium were compared to those tested in the absence of gallium. 
PHASE I CORROSION BY LIQUID GALLIUM
Intermetallic Compound Formation
In preliminary corrosion tests of zirconium by liquid gallium at 400°C and Zircaloy-2 (non-vendor-supplied) at 600°C, ICF was found as would be predicted from the galliumzirconium phase diagram. As shown in Fig. 1 , electron beam microprobe analysis identified several intermetallic compounds. No unreacted gallium remained in these tests. These intermetallic compounds are hard and brittle as shown in Fig. 2.   Fig. 1 . Intermetallic compounds formed between gallium and zirconium after 100 h at 400°C. There was no evidence of selective grain boundary penetration, as shown in Fig. 3 , and no evidence of selective dissolution of tin or other constituents of Zircaloy. In a subsequent series of tests of vendor-supplied tubing, Zircaloy-B and Zircaloy-C were exposed to gallium at 30, 100, and 500°C for times of 200 and/or 700 h, as shown in the appendix. At 30 and 100°C there was no evidence of corrosion after 700 h, and unreacted liquid gallium was recovered upon completion of the tests. At 500"C, all the gallium reacted, resulting in ICF as had been previously observed in the preliminary tests. There was no difference between 200 and 700 h. Once again, there was no evidence of selective grain boundary attack.
Dimensional Changes
One unanticipated result of the corrosion tests was a dimensional change that occurred with thin-walled, vendor-supplied material accompanying ICF at 500°C as shown in Fig. 4 . This dimensional change had not been observed in the preliminary tests of non-vendor-supplied material in which the wall thickness of the test capsule was larger; in which the end-cap design was such that there was no crevice where the cap was joined to the capsule; and where EBW was used to close the capsule instead of LBW. With EBW, the atmosphere inside the closed capsule was vacuum and the only internal pressure was the negligible vapor pressure of gallium. In contrast, with LBW the atmosphere was helium (slightly < 1 atm) and the internal pressure increases with temperature. In subsequent tests, however, neither EBW (Fig. 4b) nor an end-cap closure with no crevice (Fig. 4c) prevented dimensional changes resulting from ICF. To evaluate the effects of 100 ppm cadmium in gallium, the amount of gallium was -4 times that used in previous tests. This was necessary so that the amount of cadmium to be added (0.0001 g) would not exceed 100 ppm, and the 0.0001 g of cadmium was the minimum that could be weighed and handled. This larger amount of gallium further increased the amount of gallium available after formation of the initial intermetallic compound and resulted in greater dimensional distortion.
Subsequently, the effect of lower ratios of weight of gallium to surface area of Zircaloy on dimensional distortion was investigated. When the weight of gallium was reduced by factors of 2.5,5, and 10, (Fig. 5) , distortion decreased and did not occur at all for the factor of 10 reduction. In a typical LWR fuel rod, the weight of gallium to surface area of Zircaloy should be s lo-' while the lowest ratio tested in this study was -lo-'. Hence, it is highly unlikely that dimensional distortion due to gallium will occur in a fuel rod. 
LME by Gallium
LME tests are designed to evaluate the effect of liquid gallium at low temperature on the mechanical properties of Zircaloy. Because of difficulties in designing a test specimen, data are just becoming available. Tensile properties for the specimens tested to date are summarized in
Figs. 6 to 9. Valid data for ductility of specimens with gallium were not obtained because s . 
Corrosion-Mechanical Tests
The objective of these tests is to quantitatively determine how corrosion (ICF) impacts the post-test tensile properties of the Zircaloy cladding material. Several iterations in the design of the test specimens and test conditions have been necessary, and data are just becoming available. The design for the tensile test specimen requires considerably more gallium than for the corrosion test design. Dimensional distortion (described previously) at the highest exposure temperature made subsequent tensile testing irrelevant. In view of the problems encountered at 500"C, and the fact the LWR clad interface temperature is expected to be between 350 and 14 400°C, further testing of the effects of ICF on mechanical properties is being conducted at lower temperatures. Because the amount of ICF is dependent on time at temperature, dimensional distortion should be nonexistent or very limited even with the required volume of gallium.
One such test (300°C for 200 h) has been completed. The fracture surface after subsequent tensile testing at room temperature is shown in Fig. 1 1. Even though the amount of gallium in the capsule was the same as in previous tests at 500"C, no distortion occurred at 300°C. However, in contrast to the ductile fracture surface for as-received material shown in Gallium was found across the entire wall thickness. This gallium could have flowed across the surface during subsequent mechanical testing at 30 "C rather than have penetrated the specimen while it was being corrosion tested at 300°C. However, nonductile features are in keeping with the reduced ductility shown in Fig. 9 . 
Corrosion Tests
The test matrix for corrosion tests of Zircaloy with Ga203 is shown in the appendix.
Tests of Zircaloy-B and Zircaloy-C were conducted with 100% Ga203 powder at 300,500, and 700°C for 6 and 12 weeks respectively. At 300"C, there was no evidence of interaction as shown in Fig. 12a . At both 500 (Fig. 12b) and 700°C (Fig. 12c) an outer layer of ZrO, formed on the inner diameter of the cladding, and gallium was identified underneath the ZrO, layer. At 700"C, the gallium was associated with ICF, but at 500°C gallium concentrations were considerably below that in GaZr,, the intermetallic compound that has the lowest gallium concentration. At 500"C, the thickness of the ZrO, layer was much less than at 700°C, and it did not change when the time was increased from 6 to 12 weeks. At 700"C, the thickness of both the a. at 300°C, shows no evidence of interaction between Zircaloy and Ga203; b, at 5OO0C, shows ZrO, at the surface and gallium in solution below the ZrO, layer; c, at 700"C, shows ZrO, at the surface with intermetallic compounds below the ZrO, layer.
One preliminary test was conducted to determine how a reduced concentration (mass) of Ga,O, would affect compatibility with Zircaloy. After 4 weeks exposure at 700"C, there was very little evidence of interaction when 1778 ppm Ga203 was added to ZrO, powder. As shown in Fig. 13 , interaction was limited to slight cracking and corrosion at the internal diameter surface to a depth of 4 3 pm (0.5 mil). 
DISCUSSION
When Zircaloy is exposed to gallium metal, the principal interaction is formation of intermetallic compounds as would be predicted from the gallium-zirconium phase diagram shown in Fig. 14.' The resulting intermetallic phases are quite brittle and, when present in sufficient amounts, reduce the ductility of Zircaloy tubing. However, this type of intermetallic phase formation is mass limited (by the amount of gallium that is available per amount of zirconium) and would not be expected to have any significant effect when the amount of gallium is limited to low levels (parts per million ). 
Zr
Unreacted gallium available after the initial formation of intermetallic compounds diffuses into the intermetallic compounds thereby causing a significant expansion in the lattice, especially if the concentration of gallium becomes high enough to form the next gallium rich intermetallic compound. This lattice expansion causes large stresses to be generated that result in dimensional distortion of thin-walled material. However, this effect is also mass limited, as demonstrated by the results shown in Fig. 5 , and therefore, clad distortion due to ICF is not to be expected with the very low levels of gallium (10 ppm) present in MOX fuel. In the present tests, when the ratio of mass of gallium to surface area of Zircaloy was -1 O4 higher than expected from gallium in MOX fuel, no distortion was found.
18
The potential LME effect of gallium on Zircaloy has not yet been quantitatively established because tensile test ductility measurements were confounded by a mandrel used to reduce the volume of gallium in the Zircaloy test specimen. However, there was no change in the yield and ultimate strengths at room temperature in the presence of gallium. A single test in which Zircaloy was exposed to gallium for 200 h at 300°C did show a measurable decrease in ductility when tensile tested at room temperature. Although there was unreacted gallium present during tensile testing, the reduction in cross section caused by ICF at 300°C is the most probable cause for the ductility decrease. However, the cross section of the fracture showed nonductile features, and the possibility that the 300°C exposure "preconditioned" the Zircaloy to LME at room temperature cannot be completely discounted.
Because the gallium in MOX fuel is more likely to be present as an oxide rather than as the metal, tests with gallium oxide should produce results more typical of those expected inreactor. With 100% Ga,O, at 300"C, there was no evidence of Zircaloy-Ga,O, interaction. At 500 and 700"C, reactions as predicted by the second reaction shown on p. 1 were found. At 5OO0C, very low levels of gallium were found beneath a ZrO, layer. This low level of gallium in the Zircaloy was insufficient to produce ICF. However, at 700"C, ICF occurred beneath the oxide layer. Thus, even though Zircaloy cladding is expected to operate in the range from 350 to 400"C, and the expected level of gallium oxide is quite low, long-term tests are needed to evaluate the possible effects of a gradual increase in the concentration of gallium in Zircaloy, even at low gallium concentrations. Because a decrease in ductility and nonductile fracture features were observed for Zircaloy in contact with gallium at 300°C for 200 h, these long-term tests should also include evaluation of mechanical properties. 
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CONCLUSIONS
